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ABSTRACT
Gamma-ray bursts (GRBs) show a bimodal distribution of durations, separated at a duration of
∼2 s. Observations have confirmed the association of long GRBs with the collapse of massive stars.
The origin of short GRBs is still being explored. We examine constraints on the size of emission region
in short and long GRBs detected by Fermi/GBM. We find that the transverse extent of emission region
during the prompt phase, R, and the burst duration, T90, are consistent with the relation R ∼ c×T90,
for both long and short GRBs. We find the characteristic transverse extent for the prompt emission
region to be ∼ 2× 1010 cm, and ∼ 4× 1011 cm for short and long GRBs, respectively.
Subject headings: gamma-ray bursts: general – methods: data analysis – gamma-rays: jets
1. INTRODUCTION
The first catalog of gamma-ray bursts (GRBs) detected
by the BATSE satellite revealed bimodality in their dura-
tion distribution (Kouveliotou et al. 1993). Events last-
ing longer than 2 s were classified as long GRBs, while
those shorter than 2 s were classified as short GRBs. This
bimodal distribution suggested a difference in physical
origin and progenitor populations.
The discovery of optical afterglows following
some of the long GRBs detected by BeppoSAX
(van Paradijs et al. 1997; Metzger et al. 1997) and
environmental studies indicated that long GRBs orig-
inate in star-forming galaxies (Bloom et al. 1998;
Djorgovski et al. 1998) and their location is spatially
correlated with star-forming regions within their
hosts (Fruchter et al. 2006). In addition, some of the
long GRBs are associated with Type Ic supernovae
(Hjorth et al. 2003; Stanek et al. 2003). These clues
indicate that long GRBs are associated with the core
collapse of massive stars (collapsars), and not with the
merger of compact object binaries (Paczyn´ski 1998;
MacFadyen & Woosley 1999).
The origin of short GRBs is still being explored. Short
GRBs are often detected at lower redshift because these
bursts are less energetic. They constitute less than 20%
of all detected GRBs. The lack of supernova associ-
ations shows that at least some short GRBs are not
produced by massive star progenitors (Fox et al. 2005;
Soderberg et al. 2006; Berger et al. 2013).
On theoretical grounds, the mergers of compact bi-
nary objects have been investigated as a possible ori-
gin of short bursts (Paczyn´ski 1998; Eichler et al. 1989;
Belczynski et al. 2006; Bogomazov et al. 2007). The
compact object merger scenario is observationally sup-
ported by the location of short GRBs within their host
galaxies (for a recent review, see Berger 2013).
The transition between short and long GRBs at
2 s is somewhat arbitrary, and it is unclear how
strongly it reflects differences in the progenitors of GRBs.
Bromberg et al. (2013) argued that the transition be-
tween short and long GRBs is detector dependent, and
collapsars may be found among the short GRBs with
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some of the long GRBs produced by non-collapsars.
The radius of the emission region and its transverse ex-
tent from the central engine is crucial in understanding
the origin of gamma-ray emission, and the nature of their
progenitors (Zhang et al. 2003; Janiuk & Proga 2008;
Ziaeepour 2009; Beloborodov 2010; Tchekhovskoy et al.
2010). Here we investigate the constraints on the size of
the emission region and beaming factor of GRBs detected
by Fermi/GBM (Meegan et al. 2009). We examine the
relation between the transverse extent of the prompt
emission region and burst duration, its implications for
short and long GRBs.
The paper is organized as follows. In § 2 we introduce
a formalism to constrain the size of the emission region.
Then, in § 3, we describe the selection of GRBs detected
by Fermi/GBM. The minimum variability time scales are
estimated in § 4. The results are presented in § 5 and
discussed in § 6. Finally, we summarize our conclusions
in § 7.
2. SIZE OF THE EMISSION REGION
The size of the prompt emission region is unre-
solved observationally. However, the light curve vari-
ability is attributed to the activity of the central en-
gine (Rees & Meszaros 1994; Sari & Piran 1997), and,
as such, the minimum variability time scale provides
a constraint on the maximum transverse extent of the
emission region (relative to the line-of-sight). It is gen-
erally accepted that GRBs are powered by relativistic
jets propagating with a speed v = βc and Lorentz factor
Γ = (1 − β2)−1/2. The maximum transverse extent of
the source is given by the relation
R′max≃ c t
′
var ≃
D c tvar
(1 + z)
(1)
≃
3× 1011 cm
(1 + z)
(
D
100
)(
tvar
0.1 s
)
,
where prime denotes quantities in the comoving frame
of the emitting plasma, tvar is the observed minimum
variability time scale, z is the cosmological redshift, and
D = [Γ(1 − β cos θobs)]
−1 is the Doppler factor of the
observed radiation, with θobs being the observer viewing
angle relative to the velocity of the emitting material.
2For typical GRBs, θobs . 1/Γ and D ∼ Γ.
Setting constraints on the maximum radius of the
emission region requires knowledge of the Doppler
factor D. There are several methods for plac-
ing lower and upper limits on D (Baring et al.
1993; Baring & Harding 1997; Lithwick & Sari 2001;
Razzaque et al. 2004; Racusin et al. 2011), which pro-
vide values in the range 20 - 3000.
The emission region has to be transparent to gamma
rays. A small radius for the emission region and high
photon densities imply a very large optical depth to
γγ absorption and pair creation (Krolik & Pier 1991;
Baring & Harding 1997). In order to allow gamma-ray
photons to escape from the emission region, the optical
depth for γγ absorption, τγγ (Gould & Schre´der 1967),
must satisfy
τγγ(E) ≃ R
′
∫ 1
−1
dµ
1− µ
2
∫
∞
Eth
dǫ n(ǫ)σγγ < 1 , (2)
assuming isotropic emission in the comoving frame,
where R′ is a transverse extent of the emission region,
µ = cos θ, where θ is an angle between the momenta
of the emitted photon and the ambient photon, and
σγγ(E, ǫ, µ) is the polarization averaged cross-section
for pair production (Jauch & Rohrlich 1976; Boettcher
2014). Here, E is the energy of the emitted photon, ǫ is
the energy of the ambient photon, and Eth = 2/(ǫ(1−µ))
is the threshold energy for pair production. All photon
energies are defined in the jet comoving frame and in
dimensionless units, normalized by mec
2.
The spectral photon number density is given by
n(ǫ) =
d2L Φ(ǫ)
D4R′2mec3ǫ
, (3)
where dL is the luminosity distance to the source, Φ is the
observed energy flux (also known as νFν). Combining
equations (2) and (3), assuming the transverse extent
of the emission region to be R′max, gives the minimum
Doppler factor
D5 >
(1 + z)d2L
c tvar
Υ , (4)
where
Υ =
∫ 1
−1
dµ
1− µ
2
∫
∞
Eth
dǫ
Φ(ǫ)
mec3ǫ
σγγ . (5)
The minimum Lorentz factor, Γmin, required for
gamma rays to escape from the emission region depends
on the combination of the emitted and ambient photon
energies. Conservatively we evaluate Γmin at an energy
E = 2Eth, where the γγ absorption cross-section has a
distinct maximum. The threshold energy is calculated
using the ambient photon energy, ǫ, equal to the peak
energy of the spectral energy distribution of the prompt
emission, Ep.
Equations (2) and (3) can also be used to evaluate the
minimum transverse extent of the emission region
R′min ≃
d2L
D4
Υ , (6)
assuming conservatively a maximum value of D ∼1200
(Racusin et al. 2011).
3. DATA SELECTION
The Gamma-Ray Burst detector (GBM)(Meegan et al.
2009) on board the Fermi satellite consists of 12 NaI and
2 BGO scintillators which cover the energy range from 8
keV - 40 MeV, in 128 energy bins, and monitor the entire
sky. In the five years of its operation, the GBM triggered
on more than 1300 GRBs.
Information on the GRB distances is required for ob-
taining robust limits on the emission region sizes. We
have therefore selected a limited sample of ∼ 50 GRBs
with measured redshifts. Of those, only bursts with good
spectral quality and light curves with sufficient signal-to-
noise ratio were kept. The primary condition for the data
selection was at least one light curve with signal-to-noise
ratios greater than 2 at a sampling of 0.128 s. The se-
lection procedure reduced the initial sample to 24 long
GRBs with measured redshifts.
To add short GRBs, we have selected GRBs detected
by the GBM with duration T90
1 shorter than 2 s, and a
flux greater than 15 photons cm−2s−1. The flux was mea-
sured in the energy range 10-1000 keV with 64 ms sam-
pling time. Altogether, we have selected 43 short GRBs.
The quality selection, the same as for long GRBs, limited
the sample to 19 short GRBs. The entire sample of short
GRBs has unknown redshifts, and so we have assumed
an average redshift of 0.85 (D’Avanzo et al. 2014).
The light curve analysis and a spectra fitting in our
analysis have been performed following the procedures
described by Holland et al. (2012) 2.
4. MINIMUM VARIABILITY TIMESCALE
The Fermi/GBM triggers on bursts within 16 ms. All
triggers generate time-tagged event data (TTE) consist-
ing of the photon arrival time and energy as deposited in
each of the 14 detectors with a temporal resolution of 2
µs (Meegan et al. 2009).
The intrinsic minimum variability time scale of GRBs
is determined by the size of the emission region and the
emission mechanism. The observed minimum variabil-
ity time scales are, in addition, limited by the sensitiv-
ity of the detectors, the GRBs flux and the sampling
of light curves. Figure 3 shows the light curve of one
of the brightest gamma-ray bursts detected by GBM:
GRB090424. The light curve is displayed with two differ-
ent binnings, 0.128 s and 0.01 s, demonstrating how bin-
ning can smooth variability, or decrease signal-to-noise
ratio.
To find the observed minimum variability time scale
for each GRB, we have used the method utilized by
Bhat et al. (2012); Bhat (2013a,b), which searches for
a characteristic time scale at which the variance ratios
per bin width is minimum. The characteristic time scale
is interpreted as an upper limit on the minimum variabil-
ity time scale. This method incorporates the following
steps: first, the time interval of the prompt emission is
selected based on T90; then, a background time interval
of an equal duration is selected. Both the signal and
the background intervals are used to derive differentials,
which, in the next step, are used to calculate variances
1 T90 is defined as the time interval over which 90% of
the flux, integrated over the burst duration, was detected.
(http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html#t90)
2 http://fermi.gsfc.nasa.gov/ssc/data/analysis/user/do gbm.pdf
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Fig. 1.— Sample light curve of GRB090424 using two binnings; 0.128 s represented by black points, and 0.01 by red points.
of the signal and the background. The ratios of the vari-
ances are calculated for different binnings in the range
from 10−3 s up to 0.1×T90 using ten logarithmic bins
per decade. The bin width at which the variance ratio
divided by the bin width obtains its minimum value is in-
terpreted as a minimum observed variability time scale,
tvar, (e.g., see Figure 1 in Bhat 2013a). The resulting
minimum variability time scales for the entire sample are
listed in Table 1.
The variance ratio contains information on the rates
of change in the light curves. These rates of change can
decrease either because of the lack of further variability
of the sources, or due to limited photon statistics.
To assess whether the observed minimum variability
time scale can be intrinsic to the source, we have cal-
culated an average significance of the signal in the light
curve for each binning, N¯σ. If the average significance
at the observed minimum variability time scale is > 4 σ,
the observed variability time scale is interpreted as the
intrinsic property of the emission region.
The average significance, N¯σ, of the light curve with
a binning corresponding to tvar is listed in Table 1 for
samples of long and short GRBs.
We have found that the average minimum variability
time scale obtained for short GRBs is 0.036 s, and 1.2 s
for long GRBs. In our samples, the observed variability
time scales for long GRBs are significantly longer than
those of short GRBs. This is in agreement with the min-
imum variability timescales of long and short GRBs ob-
tained by MacLachlan et al. (2013).
The high significance obtained at tvar suggests that
for the majority of the long GRBs in our sample, the ob-
served variability time scale is not limited by the statis-
tics. In the case of short GRBs, the average significance
at the observed minimum variability time scale is small,
suggesting that the intrinsic variability time scales for
these GRBs can be shorter than observed.
MacLachlan et al. (2013) noticed a correlation between
the minimum variability timescale and the burst dura-
tion for short GRBs. A hint of such a correlation is
also present in our sample. However, as we have shown,
the average significance at the characteristic variability
timescale is small for short GRBs. Thus, the correlation
can be the result of limited photon number statistics.
In our sample, the observed minimum variability time
scales for long gamma-ray bursts does not show a cor-
relation with the duration of the burst, T90. This is
in agreement with Golkhou & Butler (2014), who inves-
tigated the minimum variability timescales for a large
sample of Swift GRBs.
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Fig. 2.— Upper and lower limits on the transverse extent of the
emission region as a function of T90/(1+z). Blue down-pointing
triangles indicates upper limits, and black up-pointing triangles
corresponds to lower limits. The red line equates the transverse
extent of the emission region to c×T90/(1+z), where T90/(1+z) is
an engine lifetime. Note that this line is not attempting to fit the
constraints from the data.
5. RESULTS
Following the formalism described in § 2, we have ob-
tained the maximum and minimum transverse extents of
the prompt emission regions for a sample of 19 short and
24 long GRBs. Table 1 lists the properties for each burst.
Figure 2 shows upper and lower limits on the transverse
extent of the emission region as a function of the dura-
tion of the engine activity T90/(1 + z). The upper limits
were obtained using equation (1), where the minimum
variability time scale was derived from the light curve
analysis described in § 4, and the Doppler factor was
constrained using equation (4). The energy flux, Φ(ǫ),
was obtained by fitting the Band function (Band et al.
1993) to the spectrum.
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Fig. 3.— Size distribution of emission regions during the prompt
emission of GRBs. The distribution is obtained for a total of 1349
GRBs detected by Fermi/GBM. The transverse extents are esti-
mated using the duration T90 multiplied by the speed of light,
without correcting for the (1+ z) redshift factor. The solid line de-
lineates a fit to the distribution involving two Gaussian functions
(in blue and red).
6. DISCUSSION
Our constraints on the transverse extent of prompt
emission region is based on the analysis of the minimum
variability time scales and the Doppler factors, which
are evaluated using T90 and the same energy range for
all GRBs.
The luminosity distances in the sample of long GRBs
have been calculated using measured redshifts, whereas
for the sample of short GRBs we have assumed an av-
erage redshift of 0.85 (D’Avanzo et al. 2014). The con-
straints on the Doppler factor scale with the luminosity
distance as D α d
2/5
L . Even if short GRBs are located 5
times farther away, the observed size would be underesti-
mated by merely a factor of 2. The maximum transverse
extent of the emission regions of long GRBs is larger than
that of short GRBs by over an order of magnitude. Thus,
the assumed redshift for short GRBs has little impact on
our results.
The minimum transverse extent of the emission region
has been estimated differently for short and long GRBs.
For the majority of the long GRBs, the observed mini-
mum variability time scale is not limited by the photon
counting statistics, and thus may refer to the intrinsic
variability of the source. Therefore, the minimum trans-
verse extent of the emission regions has been calculated
as Γmin c tvar/(1 + z), assuming conservatively a mini-
mum value of Lorenz factor, Γmin, ∼20 (Ghirlanda et al.
2012; Sonbas et al. 2014).
The observed variability time scale for short GRBs is
limited by photon statistics; thus the emission region can
be smaller than estimated. To evaluate the minimum
transverse extent of the emission region in the sample of
short GRBs, we have used equation (6).
The emission region of GRBs is expected to expand
close to the speed of light. We have therefore compared
our results to c × T ′90. Remarkably, this relation lies
within the constrained transverse extent of the emission
region of the sample of long and short GRBs.
Figure 3 shows the transverse extents distribution of
the emission regions of all GRBs detected by the GBM
detector until June 2014. The transverse extents have
been estimated using the relation c × T90. The distri-
bution of transverse extents is bimodal, with an average
transverse extent of the emission regions of ∼ 2×1010 cm,
and ∼ 4 × 1011 cm, for short and long GRBs, respec-
tively. These transverse extents are corrected for the
redshift factor assuming the average redshift of z=0.85
(D’Avanzo et al. 2014) for short GRBs, and the average
redshift of z=1.77 for long GRBs listed in Table 1.
7. SUMMARY
The bimodality in the distribution of GRB durations
has been interpreted as evidence for two progenitor pop-
ulations. In the collapsar scenario, the central engine
has to be active long enough for the emission region
to exit the stellar envelope and produce the observed
γ−rays. In this scenario, the radius of the stellar enve-
lope is . 1012 cm.
Our constraints imply that the emission region size
during the prompt GRB emission, R, and the central
engine duration, T90, are consistent with the relation
R ∼ c × T90. We have obtained the characteristic
transverse extent of the prompt emission region to be
∼ 2 × 1010 cm, and ∼ 4 × 1011 cm for short and long
GRBs, respectively.
The average beaming factor for short GRBs in our sam-
ple is 670, yielding a radius of emission region, r ∼ ΓR,
of ∼ 1013 cm. The average beaming factor for long
GRBs is 450, implying the radius of emission region of
∼ 2× 1014 cm.
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